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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Theoretical predictions using Finite Fracture Mechanics (FFM) normally treat the material as a homogeneous 
continuum. However, the use of FFM involves (or im lies) a material length parameter, L, which may or may not be 
constant depending on the version of FFM used. In some cases this length parameter is the same order of magnitude 
as certain features in the microstructure (e.g. the grain size) but in other cases there is no obvious correlation to any 
microstructural distance. This paper will review our current knowledge on the relationship between L and 
microstructural parameters, for which there is data spanning several orders of magnitude. By using a new theoretical 
approach – the analysis of some thought experiments using simplified model microstructures, I show how the 
critical distance L can be related to a dominant microstructural distance d, depending on the operative mechanism of 
crack extension and toughening. This approach allows u  to consider microstructure and micromech nisms in he 
context of FFM analysi . 
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1. Introduction 
What is Finite Fracture Mechanics? In my opinion, it means a methodology within the field of fracture mechanics 
in which the amount of crack growth is treated as a finite quantity. This definition distinguishes FFM from classic 
Griffith fracture mechanics in which crack extension is an infinitesimal quantity. This, I think, is the broadest 
possible definition of FFM, and one which captures its essential novelty and importance. However, if one searches 
the literature for the term “Finite Fracture Mechanics” the great majority of papers which appear will be devoted to a 
much narrower definition: see for example a recent review by Weissgraeber et al (2016). According to this 
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
On the role of microstructure in finite fracture mechanics 
David Taylor 
Department of Mechanical Engineering, Trinity College, the University of Dublin, Dublin 2, Ireland 
 
Abstract 
Theoretical predictions using Finite Fracture Mechanics (FFM) ormally treat the material as a homogeneous 
continuum. However, the use of FFM involves (or implies) a material length parameter, L, which may or may not be 
constant depending on the version of FFM used. In some cases this length parameter is the same order of magnitude 
as certain features in the microstructure (e.g. the grain size) but in other cases there is no obvious correlation to any 
microstructural distance. This paper will review our current knowledge on the relationship between L and 
microstructural parameters, for which there is data spanning several orders of magnitude. By using a new theoretical 
approach – the analysis of some thought experiments using simplified model microstructures, I show how the 
critical distance L can be related to a dominant microstructural distance d, depending on the operative mechanism of 
crack extension and toughening. This approach allows us to consider microstructure and micromechanisms in the 
context of FFM analysis. 
  
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of he Scientific Committee of ECF21. 
Keywords: Finit  fracture mechanics; critical dis ance; toughness; micromecha isms; modelling 
1. Introduction 
What is Finite Fracture Mechanics? In my opinion, it means a methodology within the field of fracture mechanics 
in which the amount of crack growth is treated as a finite quantity. This definition distinguishes FFM from classic 
Griffith fracture mechanics in which crack extension is an infinitesimal quantity. This, I think, is the broadest 
possible definition of FFM, and one which captures its essential novelty and importance. However, if one searches 
the literature for the term “Finite Fracture Mechanics” the great majority of papers which appear will be devoted to a 
much narrower definition: see for example a recent review by Weissgraeber et al (2016). According to this 
Copyright © 2016 The Auth rs. Published by Elsevier B.V. This is an open access article u der the CC BY-NC-ND license  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsi ility of the Scientific Committee of ECF21.
2000 David Taylor / Procedia Structural Integrity 2 (2016) 1999–20052 Author name / Structural Integrity Procedia  00 (2016) 000–000 
definition, a so-called “coupled criterion” is used in which crack propagation can only proceed if two necessary 
conditions are fulfilled: the stress in the area of crack extension must exceed some critical strength value o and the 
stress intensity K (or energy release rate G) during crack extension must exceed a critical value Kc (or Gc). If both 
criteria are fulfilled then the amount of crack extension a will necessarily be a finite quantity, though not 
necessarily a material constant: it may vary depending on the nature of the local stress field as determined by 
geometry and loading conditions.  One can reason, however, that this is only one of several possible approaches, all 
of which should be defined as FFM. Some other approaches, described in Taylor (2007), are: 
 
a) Stress-intensity-based methods using constant a. In these methods the amount of crack extension is assumed 
to be constant, related to a material parameter L. Kc is also assumed to be constant. Methods in this category include 
the Imaginary Crack Method (ICM) in which a crack of length L is imagined to be already present, and in the Finite 
Crack Extension method (FCE) in which the energy release is calculated over a finite crack extension a = 2L. 
 
b) Stress-based methods using constant a. In these methods the material constant length parameter L is again 
used, along with a the critical stress o. Criteria in this category include the Point Method (PM) and Line Method 
(LM) in which the stress value used is, respectively, the stress at a given point L/2 from the feature and the average 
stress over a line of length 2L in the direction of crack growth. 
 
Figure 1 summarises the situation: essentially we have three parameters – length, strength and toughness – and we 
choose to keep two constant and allow the third to vary. At the present stage of development of FFM, there is no 
particular logic or reasoning to guide us as to which of these approaches is the most appropriate. Different workers 
tend to choose different approaches based on their personal preferences and the particular method of analysis or 
computation to be used.  
 
Fig.1. Three material parameters are available: different methods of predict arise as a result of choosing to keep two of these 
parameters constant. 
 
From a mechanistic point of view, there is no reason to suppose that any of these three parameters is necessarily 
constant in the region over which crack extension occurs. The coupled criteria assume constant o, but it is well 
known that material strength depends on the volume under test: smaller volumes have larger strengths, due to 
various different mechanisms (geometrically necessary dislocations, microscopic defects, etc). Likewise Kc is also 
not constant: in most materials it increases with the amount of crack extension, giving rise to well-known resistance 
curve (R-curve) behaviour, due to toughening mechanisms which operate at different length scales. 
Regarding the constancy, or otherwise, of the length parameter L, it is interesting to compare values of L obtained 
for different materials with the lengths of micro (or nano) structural units, d, in those materials. As figure 2 shows, 
there is a general tendency for L to increase with d. In some cases it corresponds closely to a d value such as grain 
size, which is known to have an effect in controlling crack propagation. But in other cases L tends to be larger than 
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d, sometimes much larger. There are two interesting cases in which L>>d: fibre composite laminates (where L is of 
the order of millimetres, much greater than fibre size/spacing or laminate thickness) and amorphous polymers such 
as PMMA (where the only structure occurs at the atomic scale but L is of the order of 0.1mm). It is interesting to 
note that most publications in which the coupled criteria are used involve these two material classes. For other 
materials, an approach assuming constant L works well and L turns out to be equal to, or a small multiple of, some 
microstructural feature which controls crack growth. For example we were able to predict the effect of notches on 
brittle fracture in steel, showing that L is equal to the grain size (Taylor 2006, Taylor 2007 Ch7) and in bone, where 
L is similar to the size and spacing of reinforcing features known as osteons (Kasiri and Taylor 2008).  
 
Fig.2. Critical distance L compared to microstructural distance d, for a wide range of materials failing by brittle fracture, high 
cycle fatigue (HCF) and low cycle fatigue (LCF). Data is taken from Taylor et al (2007). 
 
A problem which we face in developing the theoretical side of this topic is the difficulty of making accurate 
predictions of behaviour based on micromechanisms. In real materials it is difficult, with an analytical approach or a 
computer simulation, to accurately capture all the aspects of crack propagation through a microstructure. In this 
paper, therefore, I present a novel theoretical approach, in which the relationship between L and d is investigated via 
the use of some simplified, model microstructures in which different toughening mechanisms operate. 
 
2. The theoretical approach 
Imagine a thought experiment in which a test is carried out to measure the toughness, Kc, of a material, by 
introducing a crack and applying a gradually increasing force. Given a centre crack of length 2a in an infinite plate 
in tension, Kc will be given by max√πa where max is the maximum stress recorded in the test. FFM is useful for this 
particular case because, in practice, Kc turns out to be not constant but a function of a; Kc is relatively small when a 
is small (the so-called “short crack effect”) and increases to a constant value as a increases. Classic LEFM cannot 
predict this, but several FFM methods give good predictions compared to experimental data (see Taylor 2007). It 
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turns out that three different which assume constant L - the LM, ICM and FCE – all give identical predictions in this 
case, as follows: 
 
La
aKK clc            (1) 
 
Here Kcl is the long-crack value.. In what follows this prediction will be compared with the behaviour of cracks 
in certain model microstructures, in order to find a relationship between L and d in each case. In each of these model 
structures there will be one significant microstructural feature, present with a separation of d, which controls crack 
propagation and therefore toughness. 
3. Analysis and results for model microstructures 
3.1. Crack arrest at periodically spaced barriers 
Figure 3 shows the model: a series of barriers of spacing d. The stress intensity required for a crack to overcome 
a barrier is Kcb, assumed to be much larger than the toughness of the material between barriers. Since the crack is 
introduced in a random location the crack tip, in general, will not coincide with a barrier, so during loading the crack 
will first propagate to the barrier and then arrest, until K becomes equal to Kcb, at which point failure will occur. 
However the measured value of Kc will still be given by max√πa, i.e. the sub-critical crack growth will not be 
accounted for in calculating K. Averaging the sub-critical growth of the two crack tips, we find that Kc will be given 
by: 
 
21

n
nKK cbc           (2) 
 
Here n is the number of barriers encountered. Figure 3 shows the comparison between the results of this thought 
experiment and the prediction using FFM, with L chosen to give the best fit to the results. In this case it’s obvious 
by comparing equations 1 and 2 that a perfect match will occur when L = d/2.  
 
 
Fig.3. Model microstructure with periodic barriers, of spacing d. FFM predicts the variation of measured Kc with a, when the 
critical distance L = d/2 
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This essentially one-dimensional microstructure can be extended relatively easily into two dimensions. If we 
imagine a grain-like structure of barriers with an average spacing d then each crack front will extend, on average, a 
distance d/2 to reach the nearest grain boundary, so the results will be similar to those above. 
3.2. Crack growth ahead of the main crack 
Figure 4 shows the model: the microstructure contains a series of small cracks (or brittle particles). When the 
stress caused by the main crack reaches a critical value c the small crack propagates, joining up with the main crack 
and causing a brittle fracture. This mechanism has been identified in steels, as a result of the cracking of brittle 
carbides in the grain boundaries (Ritchie et al 1973). Given a spacing of small cracks d, the average distance from 
the main crack tip to the nearest carbide will be d/2. For a long crack the above condition gives a relationship 
between the critical stress c and the long-crack toughness Kcl as follows: 
 
d
Kcl
o              (3) 
 
However, for a short crack the above equation is inaccurate because we need to consider distances from the crack 
tip which are relatively large compared to the crack length, so it’s necessary to use the more complete form of the 
stress/distance relationship due to Westergaard (1939) giving the following: 
 









2
2/1 da
aa
Kc
o

         (4) 
 
Combining equations 3 and 4 gives the relationship between Kc and crack length plotted in figure 4 as “results”, 
i.e. the expected relationship between measured toughness and crack length for this model system. Also shown is the 
best-fit prediction using FFM. In this case the relationship between L and d is L=0.8d. 
 
Fig.4. Model microstructure with small cracks ahead of the main crack. FFM predicts the variation of measured toughness 
with crack length when L = 0.8d 
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The extension of this model into two and three dimensions is not straightforward because the small cracks are 
discrete features located ahead of the crack front. In this case it is likely that some sub-critical crack extension will 
occur at parts of the front which lie close to small cracks, after which the average distance to the next small crack 
will be d. Detailed analysis is beyond the scope of this paper but the likely outcome is that L will be a slightly larger 
multiple of d. 
3.3. Toughening by uncracked ligaments 
A well-known toughening mechanism involves unbroken ligaments spanning the crack: this mechanism is known 
to operate in fibre composites and also in bone, where the unbroken ligaments are osteons (Nalla et al 2004). Figure 
5 illustrates a model microstructure in which the effective K value of the crack is reduced as a result of forces 
carried by a number of unbroken ligaments passing between the crack faces. The force P in a given ligament was 
assumed to be proportional to the crack opening displacement  which is given by: 
 
a
xa
E
K

222            (5) 
Here x is distance measured from the crack centre. The contribution of this force to reducing K is given by: 
 
aP
xa
axfK  




 22
)/(12          (6) 
 
Here f(x/a) is a function of x/a given in Murakami (1987). It can be further assumed that a stretched ligament will 
break if P exceeds some critical value, after which the ligament is no longer effective. Figure 5 shows results for two 
different values of this critical force, one chosen to give 4 unbroken ligaments behind the crack tip and one giving 8 
unbroken ligaments. Also shown are best-fit predictions using FFM. It was found that when there are 4 ligaments 
operating, L = 2.1d, and when this is increased to 8 the value of L likewise doubles to L = 4.2d. 
 Fig.6. Model microstructure with toughening due to uncracked ligaments. Predictions for 4 and 8 unbroken ligaments. 
 
This model, which is essentially two-dimensional, can be extended into the third dimension without any 
significant change in the results. 
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4. Discussion 
This approach has allowed us to investigate the relationship between L and a microstructural distance d, an 
activity which is theoretically difficult when applied to real materials because of the difficulty of capturing all 
aspects of the crack growth process and associated mechanics. By considering some simplified microstructures it’s 
possible to show that the use of an FFM prediction with the assumption of constant L works well, and furthermore 
that the value of L is proportional to the value of d. This provides some insight into why the same approach is often 
successful for many real materials. 
In these three cases L was found to be of the same order of magnitude as d, but in the case of the microstructure 
with uncracked ligaments L could be significantly greater than d. Had we assumed a much larger number of 
uncracked ligaments – say 100 – then L would have been a correspondingly larger multiple. This goes some way 
towards explaining why L>>d for fibre composite materials, which use this mechanism. It may also explain why 
L>>d in amorphous polymers. Many such polymers (for example PMMA) form features at the crack tip called 
crazes, in which unbroken fibrils span the crack, functioning as uncracked ligaments. There can be several thousand 
such fibrils in a craze, each of the order of 10nm thick (McLeish et al 1989). 
This paper has considered one particular phenomenon – the small crack effect whereby Kc decreases with crack 
length – which previous work has shown can be well predicted by FFM, though not, of course, by traditional LEFM. 
Though this is just one of several phenomena which FFM can predict (others include notch radius effects, notch size 
effects and interface cracking) the short crack effect is fundamental to behaviour in these other cases. For example 
the fact that short cracks propagate more easily than long ones is the reason why small cracks form during the 
loading of notches, and can become non-propagating at sub-critical loads. So I am sure that it would be possible to 
extend this same approach, i.e. the use of model microstructures, to investigate the application of FFM to other 
problems in fracture mechanics. 
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The extension of this model into two and three dimensions is not straightforward because the small cracks are 
discrete features located ahead of the crack front. In this case it is likely that some sub-critical crack extension will 
occur at parts of the front which lie close to small cracks, after which the average distance to the next small crack 
will be d. Detailed analysis is beyond the scope of this paper but the likely outcome is that L will be a slightly larger 
multiple of d. 
3.3. Toughening by uncracked ligaments 
A well-known toughening mechanism involves unbroken ligaments spanning the crack: this mechanism is known 
to operate in fibre composites and also in bone, where the unbroken ligaments are osteons (Nalla et al 2004). Figure 
5 illustrates a model microstructure in which the effective K value of the crack is reduced as a result of forces 
carried by a number of unbroken ligaments passing between the crack faces. The force P in a given ligament was 
assumed to be proportional to the crack opening displacement  which is given by: 
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Here x is distance measured from the crack centre. The contribution of this force to reducing K is given by: 
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Here f(x/a) is a function of x/a given in Murakami (1987). It can be further assumed that a stretched ligament will 
break if P exceeds some critical value, after which the ligament is no longer effective. Figure 5 shows results for two 
different values of this critical force, one chosen to give 4 unbroken ligaments behind the crack tip and one giving 8 
unbroken ligaments. Also shown are best-fit predictions using FFM. It was found that when there are 4 ligaments 
operating, L = 2.1d, and when this is increased to 8 the value of L likewise doubles to L = 4.2d. 
 Fig.6. Model microstructure with toughening due to uncracked ligaments. Predictions for 4 and 8 unbroken ligaments. 
 
This model, which is essentially two-dimensional, can be extended into the third dimension without any 
significant change in the results. 
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4. Discussion 
This approach has allowed us to investigate the relationship between L and a microstructural distance d, an 
activity which is theoretically difficult when applied to real materials because of the difficulty of capturing all 
aspects of the crack growth process and associated mechanics. By considering some simplified microstructures it’s 
possible to show that the use of an FFM prediction with the assumption of constant L works well, and furthermore 
that the value of L is proportional to the value of d. This provides some insight into why the same approach is often 
successful for many real materials. 
In these three cases L was found to be of the same order of magnitude as d, but in the case of the microstructure 
with uncracked ligaments L could be significantly greater than d. Had we assumed a much larger number of 
uncracked ligaments – say 100 – then L would have been a correspondingly larger multiple. This goes some way 
towards explaining why L>>d for fibre composite materials, which use this mechanism. It may also explain why 
L>>d in amorphous polymers. Many such polymers (for example PMMA) form features at the crack tip called 
crazes, in which unbroken fibrils span the crack, functioning as uncracked ligaments. There can be several thousand 
such fibrils in a craze, each of the order of 10nm thick (McLeish et al 1989). 
This paper has considered one particular phenomenon – the small crack effect whereby Kc decreases with crack 
length – which previous work has shown can be well predicted by FFM, though not, of course, by traditional LEFM. 
Though this is just one of several phenomena which FFM can predict (others include notch radius effects, notch size 
effects and interface cracking) the short crack effect is fundamental to behaviour in these other cases. For example 
the fact that short cracks propagate more easily than long ones is the reason why small cracks form during the 
loading of notches, and can become non-propagating at sub-critical loads. So I am sure that it would be possible to 
extend this same approach, i.e. the use of model microstructures, to investigate the application of FFM to other 
problems in fracture mechanics. 
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